Abstract. Degenerative disc disease (DDD) is a common degenerative condition initiated mainly within the nucleus pulposus (NP). To date, the etiopathogenesis of DDD remains unclear, and because no effective therapeutic strategies are available to target its pathological processes, DDD is still treated with symptomatic interventions that are far from adequate. Collagen type II is one of the major matrix components of the NP, and is considered to be essential to NP homeostasis. However, the specific mechanisms by which collagen type II influences NP cells remain unknown. In the present study, collagen type II expression was detected using immunohistochemistry analysis and quantitative polymerase chain reaction, and it was demonstrated to be significantly downregulated in NP tissues from patients with DDD compared with nondegenerative controls. To further explore the mechanism in vitro, interleukin (IL)-1β stimulation was used to induce degeneration of a human NP cell line. IL-1β stimulation upregulated both the mRNA and protein levels of the catabolic markers matrix metalloproteinase 13 (MMP13) and a disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4), while it downregulated the anabolic makers aggrecan and collagen type II. However, addition of purified collagen type II prevented this IL-1β-induced metabolic disturbance of the NP cells. Furthermore, IL-1β stimulation significantly promoted apoptosis in NP cells, while collagen type II treatment decreased the apoptotic rate and the protein levels of cleaved caspase-3. In conclusion, collagen type II exhibited protective effects in suppressing NP cell degeneration through its anticatabolic, proanabolic and antiapoptotic effects, suggesting that it may be a promising therapeutic agent for the prevention and treatment of DDD.
Introduction
Low back pain is a serious global health problem that imposes immense social and financial burdens (1, 2) , and degenerative disc disease (DDD) is a major cause in ~ 40% of DDD cases (3) . The etiopathogenesis of DDD remains unclear; it is thought to involve multiple factors, including imbalances of anabolism and catabolism of the extracellular matrix (ECM), increased inflammatory cytokines, and excessive apoptosis of nucleus pulposus (NP) cells (4) (5) (6) . During NP degeneration, significantly upregulated proinflammatory cytokines, interleukin (IL)-1β and tumor necrosis factor (TNF) α, drive the expression of various matrix metalloproteinases (MMPs) and aggrecanases, such as a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS). Thereafter these catabolic proteases can initiate proteolytic degradation of ECM macromolecules (mainly collagen type II and proteoglycans) and induce NP cell apoptosis, resulting in progressive deterioration of the intervertebral discs (IVDs) (4) (5) (6) (7) (8) . Because no effective therapeutic strategies are available to target these key pathological processes, DDD is still treated with symptomatic interventions that are predominantly inadequate (9) .
Collagen type II is encoded by the collagen type II α 1 (COL2A1) gene, and mainly synthesized by chondrocytes and NP cells (10) . Collagen type II, which is one of the major matrix components of the NP, can form an irregular network to hold proteoglycans and water together and maintain the structural stability of NP tissue (3 of ECM collagen fibers are regarded as typical pathological changes in DDD (4, 9) . In addition, the Col2a1-null mouse has been reported to be unable to remove the notochord and develop normal IVDs, which further confirms the indispensability of collagen type II for NP development and homeostasis (11) . Of note, collagen type II, which was initially regarded as a structural matrix molecule, is now thought to also function as an extracellular signaling molecule. Studies in chondrocytes reveal that collagen type II can modulate chondrocyte proliferation, differentiation, and metabolism through complex signaling pathways (12) (13) (14) . However, the role of collagen type II in the biological functions of NP cells remains unknown. The present study demonstrated that collagen type II is downregulated in NP tissues of patients with DDD, and treatment of NP cells in vitro with purified collagen type II prevented NP cell degeneration via its anticatabolic, proanabolic, and antiapoptotic effects.
Materials and methods
Ethics statement. The present study was approved by the Institutional Research Ethical Committee of Sun Yat-sen University (Guangzhou, China). Written informed consent was obtained from all subjects participating in the study. Culture and treatment of human NP cells. Human NP cells were obtained from ScienCell (Carlsbad, CA, USA) and cultured in Human NP Cell medium (ScienCell) at 37˚C/5% CO 2 . The medium was changed every 3 days. When the cells reached 80-90% confluence, they were trypsinized, counted, and plated again at a density of 1.5x10 6 cells/ml. A total of 12 h after plating, cells were treated with or without 10 ng/ml IL-1β, 100 µg/ml purified collagen type II, and/or vehicle (0.05 M acetic acid, as used for collagen type II dissolution) for 48 h and then used in subsequent experiments.
Antibodies and reagents.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA from cells and tissue samples was extracted using the RNeasy mini kit (Qiagen GmbH, Hilden, Germany) and converted to cDNA using PrimeScript RT Master Mix (Takara Bio, Inc., Otsu, Japan). qPCR was performed on a LightCycler 480 Real-Time PCR Detection System (Roche Diagnostics, Basel, Kanton Basel-Stadt, Switzerland) using SYBR Green I Master Mix (Roche Diagnostics). The thermocycling conditions were: 95˚C for 5 min, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 20 sec. Expression of COL2A1, MMP13, ADAMTS4, and ACAN were examined. The expression level of the GAPDH gene was used as reference. Primer sequences are listed in Table I . All primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.). Each PCR reaction was performed in triplicate. The Cq value of the GAPDH was subtracted from the Cq value of the target gene (ΔCq) and the average ΔCq value of the triplicates was recorded. The relative expression levels of each gene were determined using the 2 -ΔΔCq method (15) .
Western blotting. Total protein was extracted using the radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Equal amounts (60 µg) of each sample were subjected to SDS-PAGE on a 10% gel and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat dry milk for 1 h at room temperature and then incubated with anti-GAPDH (1:5,000), anti-caspase-3 (1:1,000), anti-c-caspase-3 (1:1,000), anti-COL2A1 (1:1,000), anti-MMP13 (1:2,000), anti-ADAMTS4 (1:2,000), anti-ACAN (1:500), and anti-α-tubulin (1:5,000) antibodies at 4˚C overnight. Then membranes were incubated with the appropriate HRP-conjugated secondary antibody (1:2,000) for 1 h at room temperature and signals were visualized using an enhanced chemiluminescence kit (EMD Millipore).
Human NP tissues. Human lumbar NP tissues were collected from 15 patients with DDD (4 males and 11 females; mean age, 56.9±8.3 years) and 8 patients with idiopathic scoliosis (8 females; mean age, 14.3±2.7 years) which served as nondegenerative controls (16, 17) . Magnetic resonance imaging (MRI) was performed in all patients prior to surgery, and disc degeneration was assessed using Pfirrmann's grading system based on T2-weighted MRI images (18) . DDD patients were classified as grade IV-V, while idiopathic scoliosis patients were classified as grade I-II. All patients underwent surgical treatment at Sun Yat-sen Memorial Hospital of Sun Yat-sen University (Guangzhou, China) or The First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China) from January 2013 to December 2015, during which NP tissues were collected.
Immunohistochemical (IHC) analysis. Paraformaldehyde (4%) was used for fixation of the tissues at room temperature for 1 h. Paraffin sections (4-µm thick) were prepared and 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used as the blocking reagent for 20 min at room temperature. IHC was performed using the Histostain-Plus kit (Origin Technologies, Inc., Beijing, China) with the anti-COL2A1 antibody (Abcam, 1:500) at 4˚C overnight. Detection was conducted using a DAB Horseradish Peroxidase Color Development kit (Origin Technologies, Inc.). Semi-quantitative analysis of IHC images through integrated optical density (IOD) was performed using Image-Pro Plus 7 software (Media Cybernetics, Inc., Rockville, MD, USA). Flow cytometry analysis of cell apoptosis. NP cells were plated on 24-well plates at 1x10 5 cells/well. Following 12 h, NP cells were treated with 10 ng/ml IL-1β for 48 h to induce apoptosis. Purified collagen type II (100 µg/ml) was added simultaneously to inhibit the effect of IL-1β. To distinguish non-apoptotic cells from cells in early apoptosis and late apoptosis/necrosis, cells were stained with the fluorescein isothiocyanate (FITC)-Annexin V Apoptosis Detection kit with 7-aminoactinomycin D (7-AAD) according to the manufacturer's instructions (Sony Biotechnology Inc., San Jose, CA, USA) and then analyzed with a Gallios Flow Cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Statistical analysis. All quantitative data were presented as means ± standard deviation. Statistical analysis of the results from the clinical samples was performed using the Mann-Whitney U test. Statistical analysis of the in vitro results was performed using one-way analysis of variance followed by Dunnett's post hoc test. All statistical analyses were conducted with SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of collagen type II is downregulated in degenerated human NP tissues.
To determine whether the expression of collagen type II was altered in degenerated human NP tissues, 15 sampled from degenerative discs and 8 samples from nondegenerative discs were selected. IHC and RT-qPCR were conducted to assess the expression level of collagen type II in NP tissues. Compared with the nondegenerative controls, collagen type II expression was significantly decreased in degenerated NP tissues at both the mRNA and protein level (Fig. 1) .
Collagen type II treatment protects human NP cells from IL-1β-induced metabolic disturbance.
To determine whether collagen type II may affect NP cell degeneration, human NP cells were treated in vitro with or without vehicle, 10 ng/ml IL-1β and/or 100 µg/ml purified collagen type II. RT-qPCR and western blotting revealed that IL-1β treatment alone significantly upregulated the expression levels of catabolic genes MMP13 and ADAMTS4, while it downregulated the expression of the NP-specific markers COL2A1 and ACAN, compared with control vehicle-treated cells (Fig. 2) . Following addition of purified collagen type II to the IL-1β treatment, the effects of IL-1β on MMP13, ADAMTS4, CLO2A1 and ACAN mRNA and protein expression levels were significantly reversed (Fig. 2) . These results demonstrated that collagen type II protected NP cells from IL-1β-induced metabolic disturbance.
Collagen type II treatment inhibits IL-1β-induced apoptosis in human NP cells.
To confirm whether collagen type II may modify NP cell apoptosis, human NP cells were treated in vitro with or without vehicle, 10 ng/ml IL-1β and/or 100 µg/ml purified collagen type II. Annexin V and 7-AAD staining was performed to assess cell apoptosis. IL-1β treatment increased the % of apoptotic cells in the total cell population (measured as the sum of both early and late-stage apoptotic cells) from 7.52±0.84 to 27.06±3.58% in the control and the IL1β-treated cells respectively (Fig. 3A) . Addition of collagen type II to IL-1β treatment significantly decreased the apoptotic rates to 14.52±2.86% (Fig. 3A) . Similar results were obtained by TUNEL assay, with IL-1β treatment increasing the % of TUNEL-positive cells compared to control, and addition of collagen type II significantly reversing this effect (Fig. 3B) . Furthermore, because caspase-3 is a critical mediator of apoptosis, the protein levels of caspase-3 and cleaved caspase-3 (which represents the active form of caspase-3) were detected by western blot analysis. The upregulated cleaved caspase-3 levels mediated by IL-1β treatment were suppressed by the addition of purified collagen type II (Fig. 3C) . These results demonstrated that collagen type II had a protective effect against IL-1β-induced NP cell apoptosis.
Discussion
DDD is a chronic degenerative condition initiated mainly within the NP; genetic predisposition, environmental influe nce, and aging contribute to its pathogenesis (3, 4, 7, 9, 19) . Loss of NP cells and destruction of the normal ECM are believed to have important roles in the progression of NP degeneration (5, 6, 20, 21) . The present study demonstrated that collagen type II is significantly decreased in the NP tissues of patients with DDD, and that addition of purified collagen type II exerted anticatabolic, proanabolic and antiapoptotic effects on the IL-1β-induced degenerative process of NP cells in vitro. The present findings therefore suggest that collagen type II may be a promising therapeutic target for the prevention and treatment of DDD.
NP cells synthesize and secrete cartilage-like ECM components, such as collagen type II and aggrecan, which are essential to NP homeostasis. In the course of NP degeneration, a decline in the number of NP cells, caused by apoptosis, leads to the reduced production of ECM. At the same time, increasing numbers of proinflammatory cytokines and catabolic proteases further degrade the existing ECM. The current study confirmed that, compared with the control group, both mRNA and protein levels of collagen type II were decreased in degenerating NP tissues. However, the discrepancy in the age of the DDD patients and the control group is a limitation of the present study. Human healthy nondegenerative NP tissues are rare and difficult to acquire, and patients with AIS are commonly used as nondegenerative controls (16, 17) .
AIS usually occurs in adolescent females while DDD frequently occurs in elderly people, thus it is impossible to get age-and sex-matched controls. It is known that collagen fibrils decrease with age in NP tissues. The age difference between the two groups in the present study may influence the results, so age-and sex-matched nondegenerative NP tissues (possibly from patients with spinal fracture who require discectomy treatment) ought to be further collected and analyzed to verify the present findings. However, the half-life of collagen fibrils is long, being estimated to be more than decades (22) . Therefore, under normal conditions, the decrease in collagen with age is limited, and the effect of age difference in the present study is unlikely to be the major cause for the decrease in collagen type II. The reduction of collagen type II is regarded as a hallmark of NP degeneration (3, 4) . However, whether the lack of collagen type II can in turn influence the pathophysiological condition of NP cells remains unknown.
An increasing number of studies have reported that collagen type II can act as an extracellular signaling molecule that can regulate multiple biological functions in chondrocytes and mesenchymal stem cells (MSCs) (12) (13) (14) 23) . Chiu et al (14) reported that collagen type II promotes anabolism and maintains the cartilaginous phenotype of chondrocytes. In addition, collagen type II can regulate the differentiation of chondrocytes and MSCs (13, 23) . Klatt et al (12) demonstrated that collagen type II can modulate the inflammatory responses of chondrocytes. However, whether collagen type II can affect the biological functions of NP cells remains unknown. In the present study, IL-1β was used to induce the degeneration of human NP cells, as described previously (8, 24) . IL-1β treatment alone upregulated the matrix degrading enzymes MMP13 and ADAMTS4, but downregulated the NP-characteristic ECM components aggrecan and collagen type II, in accordance with previous reports (8, 25) . In the present study, addition of collagen type II to IL-1β treatment significantly reversed the IL-1β-induced increase in catabolic genes and decrease in ECM genes, suggesting that collagen type II may have a pivotal role in maintaining the metabolic balance of NP cells. In addition, IL-1β induced apoptosis in NP cells, and treatment with collagen type II significantly protected against the IL-1β-enhanced apoptosis of NP cells, thus potentially preventing the loss of NP cells and reduced production of ECM. Disordered ECM metabolism and excessive decrease in NP cells are regarded as the predominant pathological changes in degenerative IVDs (5, 20, 24) . Consequently, inhibition of the apoptosis of NP cells and ECM degradation is hypothesized to delay the progression of DDD. The present study demonstrated that collagen type II had anticatabolic, proanabolic, and antiapoptotic effects in human NP cells, therefore indicating that it may be a promising biological agent to promote the regeneration and repair of the degenerating NP.
The results of the present study demonstrated that collagen type II expression was decreased in the NP of patients with DDD. The reduced production of collagen type II may aggravate the metabolic disturbance, promote the apoptosis of NP cells, and facilitate continuing degeneration, which may subsequently result in a further reduction of collagen type II. The breakage of this vicious cycle is key to the treatment of DDD. Current therapies are still restricted to symptomatic treatment and do not correct or reverse the structural and biological deteriorations of the IVD. However, extensive studies indicate that biological therapeutic strategies, including cell transplantation, the use of biomaterial and gene therapy, may have broad applications (3, 4, 7, 21, (26) (27) (28) . Cell-based transplantation with biological enhancement is particularly important among these novel biological treatment approaches, because the functionality of NP cells is thought to be more important than the number of NP cells (26, 27 ).
Collagen type II, which can act as both structural matrix and bioactive factor for transplanted cells, may be an ideal agent for biological enhancement. Thus, intradiscal injection of suitable cells (such as NP cells, and undifferentiated, chondrogenic-like or NP-like differentiated MSCs) together with collagen type II, or injection of cells engineered to express the COL2A1 gene, may represent a promising therapeutic approach. This type of therapy would not only repopulate the NP with functional cells, but also create a beneficial microenvironment for NP cells by stimulating anabolism, inhibiting catabolism, and blocking apoptosis. Revealing the molecular mechanisms by which collagen type II modulates NP cell metabolism and facilitates NP cell survival is the focus of work that is underway in our group. Further studies will be needed in the future to confirm the therapeutic value, application conditions and safety issues involving the use of collagen type II in DDD treatment.
